Electrospinning is a simple, continuous and scalable technique to produce polymer composite and metal oxide nanofibers with high-aspect ratio and controlled morphologies. It possesses the added advantage of synthesizing porous, hollow and core/shell nanofibers with combination of additional polymers, metals and metal oxides for potential applications. This review focusses on the impact and role of electrospun nanofibers in improving the performances of DSSCs, photocatalysis and hydrogen generation & storage. This review summarizes the recent developments of electrospun semiconducting metal oxide/polymer composite nanostructures in energy and environment related applications. Electrospinning technique has the advantage of synthesizing nanostructures with larger surface to volume ratio, higher crystallinity with phase purity and tunable morphologies like nanofibers, nanowires, nanoflowers and nanorods. The electrospun nanostructures have exhibited unique electrical, optical and catalytic properties than the bulk counter parts as well as nanomaterials synthesized through other approaches. These nanostructures have improved diffusion and interaction of molecules, transfer of electrons along the matrix and catalytic properties with further surface modification and functionalization with combination of metals and metal oxides.
Introduction
In recent years, there has been an increasing need to meet the demands of power generation, consumption and storage using renewable energy sources while at the same time addressing the environmental pollutions by effective approaches (Arico et al., 2005 , Fujishima et al., 2007 . Researchers have been exploring different alternatives to address the issues using cheaper, ecofriendly and efficient nanomaterials (Guo, 2012) .These materials possess large surface to volume ratio with controlled size and shape, which induce the possible new quantum mechanical effects than their bulk counter parts (Law et al., 2004) . Among the nanomaterials, semiconducting metal oxide/polymer composite nanostructures open up a new era in developing advanced functional materials and have the ability to generate power and be used for storage, as well as treating the effluents effectively , Sahay et al., 2012 . Metal oxides such as TiO2, ZnO, Fe2O3, CuO, NiO and many more have been explored and widely used because of their excellent electrical, optical, catalytic and magnetic properties which are strongly dependent on their size and shape (Aravindan et al., 2013 , Elumalai et al., 2013 , Kumar et al., 2011 , Maiyalagan et al., 2013 . The synthesis and fabrication of these nanomaterials morphology, and porosity have been intensively pursued not only for fundamental scientific interest but also for many technological applications.
Many approaches such as sol-gel, hydrothermal, chemical vapordeposition, electrochemical anodization and electrospinning have been utilized for the synthesis of nanostructured materials with different morphologies and shapes (Lakshmi et al., 1997 , Liu et al., 2003 , Tsuchiya et al., 2005 . Among the methods for preparing nanomaterials, electrospinning has attracted much attention because it provides a cost-effective, versatile, simple and continuous process. Electrospinning techniques use electric forces to drive the spinning process and to produce polymer, ceramic, and carbon/graphite fibers with diameters typically ranging from tens to hundreds of nanometers (commonly known as electrospun nanofibers). This approach has led to the synthesis of nanomaterials with pure phase, higher crystallinity, larger surface area to volume ratio, controlled morphologies with single and combinations of materials such as hollow and core/shell structures. The electrospun nanostructures have been widely used in biomedical, energy, coating, electrical, magnetic and electrochemical applications (Hamadanian et al., 2014 , Ma et al., 2014 , Sun et al., 2014 , Xue et al., 2014 . In this review, we will discuss the prospects of electrospun nanomaterials in energy and environmental related applications such as photocatalysis, dye sensitized solar cells (DSSCs), hydrogen generation and also storage.
Photocatalysis
The increasing industrial needs and growing urbanization have led to water scarcity issues around the globe and the wastewater produced has to be treated for re-utilization of clean water in daily activities. Among the various techniques, the heterogeneous photocatalysis system is an effective method for treating wastewater and photodegrading organic pollutants. The semiconductor metal oxides have been used as photocatalysts where upon irradiation of sunlight, create electron-hole pairs which in turn produce radicals in different pathways as shown in Figure 1 (Teoh et al., 2012) . The photocatalytic mechanism is as follows: upon irradiation semiconductor metal oxides eject an electron from the valance band to the conduction band, thereby leaving behind a hole in the valence band. The generated electrons and holes produce superoxide radicals to degrade the pollutants by reacting with chemisorbed oxygen on the catalyst surface and oxygen in the aqueous solution (Bhatkhande et al., 2002 , Chong et al., 2010 , Han et al., 2009 .
Semiconducting metal-oxides such as TiO2, ZnO, Fe2O3, WO3, Bi2WO6, CuO and many more have been widely used as oxidative photocatalysts for effective removal of industrial pollutants and wastewater treatment (Alves et al., 2009 , Lee et al., 2014 , Szilágyi et al., 2013 . Shengyuan et al. (2011) synthesized novel rice grainshaped TiO2 mesostructures by electrospinning and observed the phase change with increasing temperature from 500 o C to 1000 o C. A comparison study was performed on the photocatalytic activity of the TiO2 rice grain and P-25. They observed an enhanced photocatalytic activity on alizarin red dye in rice grain-shaped TiO2 which was due to its single crystalline nature and larger surface area than P-25. Meng et al. (2011) synthesized anatase TiO2 nanofibers by utilizing a simple electrospinning technique and were able to grow high dense rutile TiO2 nanorods along the fibers using hydrothermal treatment. The nanofibril-like morphology of TiO2 nanorods/nanofibers with rutile and anatase phase was able to degrade the rhodamine-6G effectively under UV radiation. Zhang et al. (2012c) adopted the core/shell technique for synthesizing hollow mesoporous TiO2 nanofibers with a larger surface area of around 118 m 2 /g. The hollow porous morphology of TiO2 nanofibers resulted in better interaction with rhodamine B and photodegraded it effectively in the short span of 90 min (Figure 2) . Similarly, Singh et al. (2013) was able to show the synthesis of highly mesoporous ZnO nanofibers from electrospinning with high crystallinity and large surface area. The fibers had better interaction with polycyclic aromatic hydrocarbons such as naphthalene and anthracene due to the higher surface to volume ratio of the nanofibers, and thereby had higher rate constants for the UV light photodegradation of the aromatic compounds. Ganesh et al. (2012) demonstrated the superhydrophilic coating of TiO2 films on glass substrates using electrospinning with the film acting as a selfcleaning coating for photodegradation of alizarin red dye. The self-cleaning property of the TiO2 can be easily adopted on solid surfaces like stainless steel and also fabrics. Bedford et al. (2010) synthesized photocatalytic selfcleaning textile fibers using coaxial electrospinning where cellulose acetate was used as core fiber and TiO2 nanofiber as shell. They studied the selfcleaning photocatalytic performance of TiO2 based textile fibers by photodegradation of dyes like keyacid blue and sulforhodamine at moderate exposure of light and were able to degrade it significantly. Neubert et al. (2011) fabricated the fibrous conductive catalytic filter membrane consisting of non-conductive polyethylene oxide blended with (±)-camphor-10-sulfonic acid doped conductive polyaniline. They were able to incorporate the TiO2 nanoparticles on the membrane by electrospraying and achieved the photodegradtion of 2-chloroethyl phenyl sulfide pollutant upon UV exposure.
However, the usage of metal oxides such as TiO2, ZnO, SnO2 and Fe2O3 for practical applications is still limited because of the fast electron-hole recombination and broad bandgaps which respond only to UV light. Therefore, it is essential to improve the visible light absorption and other shortcomings to ameliorate the photocatalytic property by either combining with graphene, other semiconducting metal oxides or metal nanoparticles with matching bandgap (Bao et al., 2011 , Pant et al., 2013 , Yousef et al., 2012 , Yousef et al., 2013 . Peining et al. (2012) synthesized TiO2 nanofibers incorporated with graphene and compared the photocatalytic and photovoltaic performance with TiO2 and mechanically mixed TiO2 and graphene. The better percolation of graphene into the TiO2 matrix during electrospinning was attributed to the enhanced absorption in the visible and near-IR regions. Thus, the graphene loaded TiO2 nanofibers showed an enhanced photodegradation of methyl orange than the pure TiO2 and mechanically mixed graphene and TiO2 nanofibers. Zhu et al. (2013) combined the characteristics of SnO2 and Fe2O3 to form heterojunction SnO2/Fe2O3 nanotubes to act as an effective catalyst for the photodegradation of rhodamine B (RhB) dye under visible light exposure. Due to the wide band gap of SnO2 nanotubes and upon irradiation of visible light, the electron-hole pairs were not produced effectively whereas Fe2O3 have the tendency to absorb visible light and create electron-hole pairs. Thus, these heterojunction nanotubes resulted in higher visible light adsorption than the SnO2 nanotubes and Fe2O3 nanofibers due to the efficient separation of photoinduced electronhole pairs created by the matching energy band configurations between them (Figure 3a ). They observed a higher visible light photocatalytic activity of heterojunction nanotubes compared with the SnO2 nanotubes and Fe2O3 nanofibers for the degradation of RhB dye upon exposure to visible light. Yuan et al. (2012) have successfully demonstrated the removal of elemental mercury (Hg 0 ) from simulated coal combustion flue gases by utilizing the electrospun TiO2 nanofibers. They observed a significant reduction in mercury when utilizing TiO2 nanofibers doped with semiconducting metal oxides such as WO3, V2O5, Ag2O, In2O3 and CuO. Upon combining with these metal oxides, the UV-visible light absorption intensity of metal oxides with TiO2 increased significantly compared to that of pure TiO2. The absorption bandwidth also widened. They demonstrated that WO3 doped TiO2 fibers were able to successfully remove 100% of Hg 0 from flue gases under UV radiation whereas V2O5 doped TiO2 showed an enhanced Hg 0 removal efficiency from 6% to 63% under visible light irradiation. Also, doping metal oxides with non-metal elements (B, C, N, S, F) enhanced the photocatalytic activity (Di Camillo et al., 2012 , Samadi et al., 2012 . Li et al. (2012a) showed that the nitrogen doped TiO2 nanofibers were able to photodegrade the RhB dye upon visible light exposure about 12 times more than the TiO2 nanofibers. They nitride the TiO2 fibers by treating in ammonia flow at 500 o C and the doping improved the visible light response due to the formation of the oxygen vacancies and Ti-O-N bonding.
As discussed earlier, the combination of semiconductor metal-oxides with matched band gap configuration enhances the photocatalytic activity. Similarly, the metallic nanoparticles combined with the semiconducting metal oxides possess synergetic properties and improve the photocatalysis significantly (Alves et al., 2013 , Song et al., 2013 . Guan et al. (2013) have observed an enhanced photodegradation of RhB using Ag nanoparticles (NPs) coated TiO2 nanofibers upon exposure to sunlight. They employed silver mirror reaction to incorporate the NPs in nanofibers and observed that the loading capacity of AgNPs plays a role in photocatalysis. In Ag NP loaded TiO2 nanofibers, the Ag readily absorbs the electrons in the conduction band of TiO2 due to its lower work function than the lower conduction band edge of TiO2 and avoids the recombination of electrons with the holes. In addition, the Schottky barrier effect prevents electrons from moving from Ag into the TiO2 acting as the electron trap sites. Also, the electrons excited from the Ag are involved in plasmonic energy transfer from Ag to the dye, thus further enhancing the dye degradation. Zhang et al. (2012a) synthesized heterojunction TiO2/ZnO nanofibers using simple electrospinning and then embedded Au nanoparticles into the fibers by using the in-situ reduction approach. They were able to demonstrate that the three ways synergistic effect of TiO2/ZnO/Au led to higher charge separation under ultraviolet excitation and thereby inducing higher photodegradation of methyl orange and 4-nitrophenol compared to pure TiO2and ZnO nanofibers. The charge transfer mechanism is similar as discussed in AgNPs incorporated in TiO2 where the electrons in the conduction band of TiO2 were trapped by the Au due to its high Schottky barrier and reducing the recombination. Also, the bandgap matching of ZnO and TiO2 nanofibers promoted electron transferring from the conduction band of ZnO to the conduction band of TiO2 whereas the electrons were irreversibly transferred on the surface of Au due to its lower work function, while the holes in the valence band of TiO2 were trapped in the valence band of ZnO, leading to effective charge separation ( Figure 4a ). This phenomenon was further evidenced by the photoluminescence quenching of UV emission of ZnO nanofibers ( Figure  4b ). The combination of metal-oxides in nanofibers can be obtained differently from the routes discussed earlier like doping or addition of metal oxides. One of the approaches is forming core/shell nanostructures of metal oxides where a metal oxide layer acts as a shell and another as core layer (Zhang et al., 2012b) . Electrospinning technique is one of the very effective techniques in synthesizing core/shell nanostructures in different combinations of metal oxides. Peng et al. (2012b) fabricated highly uniform SnO2/TiO2 coaxial nanoscale fibers by employing electrospinning and were able to photodegrade RhB dye effectively. They were able to tune the surface area of metal oxides by synthesizing solid and hollow core/shell nanostructures with an area of 60 m 2 /g and 87 m 2 /g, respectively, higher than the pure TiO2 nanofibers and Degussa nanoparticles. The well-defined heterojunction created between SnO2/TiO2 led to an increase in charge-separation and efficient interparticle charge transfer along the nanofiber. The hollow structure with high surface area allowed the full exposure of dye molecules to both layers, allowing both photogenerated electron-hole pairs to participate in the photocatalysis reaction effectively.
Dye Sensitized Solar Cells (DSSCs)
The basic working principle of DSSC is the photoexcitation of dye resulting in electron injection into the conduction band of the metal oxide (which acts as photoanode) and the hole injection into the electrolyte ( Figure  5 ). The metal oxide anode is percolated with an electrolyte whose redox potential supports the separation of bound electron-hole pairs in the metal oxide and photoexcited dye . Electrospun metal oxides (TiO2, ZnO, SnO2, and CuO) and its composites with CNTs/graphene have been widely used for DSSCs. Kumar et al. (2012) have reported highly crystalline hierarchical TiO2 nanostructures ranging from one-dimensional regular fibers, hollow tubes, porous rods and spindles by changing annealing temperatures ( Figure 6 ). A higher conversion efficiency (η) of 4.56% with a short circuit current (Jsc) of 8.61 mA/cm 2 was observed for highly ordered porous anatase TiO2 nanorods obtained upon annealing at 500 °C under simulated AM 1.5, confirming that the surface area of TiO2 resulting from a porous structure played a dominant role (Table 1) .
Table 1
Summary of the hydrogen storage capacity for the electrospun carbon nanofibers. He et al. (2013) have prepared two types of electrospun TiO2 nanotubes He et al. (2013) have prepared two types of electrospun TiO2 nanotubes by co-axial electrospinning followed by pyrolysis of electrospun core-shell nanofibers. The structural and surface analysis confirms that both types of TiO2 nanotubes possess anatase phase structure with fiber diameters of ~400-500nm. DSSC with photoanode based TiO2 nanotubes have higher shortcircuit current density (Jsc of 7.15 mA/cm 2 ) with device efficiency around η=3.80%. Jung et al. (2012) have synthesized anatase TiO2 nanofibers with a thickness of 80-150 nm, specific surface area of 103.3 m 2 /g with porosity of 80.5% and were able to obtain an efficiency of 4.6%, which was significantly higher than that of the typical TiO2 nanofibers. Nair et al. (2012) reported highly porous, dense, and anisotropic TiO2 derived from electrospun TiO2-SiO2 nanostructures through titanate route. The titanate-derived TiO2 of high surface areas exhibited superior photovoltaic parameters (η>7%) in comparison to respective electrospun TiO2 nanomaterials and commercially available P-25. Bijarbooneh et al. (2013) have reported mesoporous anatase TiO2 nanofibers with a diameter of around 300 nm and 10-20 μm length show a conversion cell efficiency of 8.14%, corresponding to a ∼35% enhancement over the Degussa P25 reference photoanode. Zhang et al. (2012b) reported hollow mesoporous TiO2 nanofibers prepared by co-axial electrospinning with two immiscible polymers, polyethylene oxide (PEO) and polyvinylpyrrolidone (PVP) (Figure 7a&b ). The solar-to-current conversion efficiency (η) and short circuit current (Jsc) of these nanofibers were measured to be around 5.6% and 10.38 mA/cm 2 respectively, which were higher than those of DSSC made using regular TiO2 nanofibers under identical conditions (η=4.2%, Jsc = 8.99 mA/cm 2 ) ( Figure  7c ). The improved efficiency was due to the higher absorption of dye molecules on the hollow mesoporous TiO2 interfacial surface area ( Figure  7d ). Chen et al. (2013) have fabricated ultraporous anatase TiO2 nanorods with a composite structure of mesopores and macropores via a simple microemulsion electrospinning process. In this approach, a high power conversion efficiency of 6.07% was obtained for the porous TiO2 nanorod based DSSCs and bilayer structured photoanode with porous TiO2 nanorods acting as the light scattering layer showing an enhanced efficiency of 8.53%. Hwang et al. (2012) have reported multiscale porous TiO2 nanofibers fabricated through electrospinning and etching processes with TiO2/SiO2 composite nanofibers for high-efficiency DSSCs. The surface area of the mesoporous TiO2 nanofibers was reported to be 9 times higher than that of pristine TiO2 nanofibers, providing sufficient dye adsorption for light 
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harvesting as well as efficient paths for electrolyte contact. DSSCs exhibited an enhanced current density (Jsc) of 16.3 mA/cm 2 and high photoconversion efficiency (η) of 8.5%, greater than those of conventional photoelectrodes made of TiO2 nanoparticles (Jsc of 12.0 mA/cm 2 and η of 6.0%). Song et al. (2005) demonstrated TiCl4 treated electrospun TiO2 electrode with rutile crystals grown epitaxially on anatase TiO2 fibers able to increase the adsorption of sensitizers. The incident photon-to-current conversion efficiency (IPCE) of TiCl4-treated electrode was higher than the untreated fiber. The photocurrent of the DSSC with electrospun TiO2 electrode was enhanced by more than 30% after TiCl4 treatment. Kim et al. (2009) have prepared poly (vinylidenefluoride-cohexafluoropropylene) (PVDF-HFP) based nanofibers polymer electrolytes by the electrospinning method and adapted to the polymer matrix in polymer electrolytes for DSSCs. The uptake, ionic conductivity and porosity of the electrospun PVDF-HFP nanofiber films showed 653±50%, 4.53±1.3×10 -3 S/cm, and 70±2.3%. Park et al. (2011) have prepared electrospun PVDF-HFP and PVDF-HFP/polystyrene (PS) blends nanofibers electrolytes. The best results for Voc, Jsc, FF and efficiency of the DSSC devices using the electrospun PVDF-HFP/PS (3:1) blend nanofibers were 0.76V, 11.8mA/cm 2 , 0.66 and 5.75% under AM1.5. Ahn et al. (2012) have reported electrospun PVdF-co-HFP polymer gel electrolyte with and without doping with the liquid crystal E7 and with a liquid electrolyte. The ionic conductivity of E7 embedded on PVdF-co-HFP polymer gel electrolyte was found to be 2.9 × 10 -3 S/cm which is 37% higher than that of PVdF-co-HFP polymer gel electrolyte. The DSSCs containing the E7 embedded PVdF-co-HFP polymer gel electrolyte was observed to possess a higher power conversion efficiency (PCE = 6.82%) than that of PVdF-co-HFP nanofiber (6.35%). Park et al. (2013) have prepared hollow activated carbon nanofibers by concentric electrospinning of poly (methyl methacrylate) as a pyrolytic core precursor and polyacrylonitrile as a carbon shell precursor, followed by stabilization, carbonization, and activation. The activated nanofibers with high mesoporosity possessed a total surface area of 1037.5 m 2 /g with a mesoporous surface area of 97.9 m 2 /g, and total pore volume of 0.70 m 3 /g which were adopted as counter electrodes for DSSCs. Barakat et al. (2012) prepared PdCo-doped carbon nanofibers using low cost and effective electrospinning technique. As a counter electrode material in DSSC, nanofibers revealed good performance with relatively high short-circuit current density (JSC) of 9.8 mA/cm 2 and open circuit voltage (VOC) of 0.705 V. Besides the known catalytic activity, the utilized metallic carbon nanofibers revealed a band gap of 4.7 eV which simultaneously enhances iodine reduction on the electrode surface. Peng et al. (2012a) have reported electrospun conductive polyaniline doped with 10-camphorsulfonic acid (PANI·CSA) blended with polylactic acid composite nanofibers as counter electrodes. The photoelectric conversion efficiency of the DSSCs of the rigid and flexible PANI·CSA-PLA counter electrodes were 5.3% and 3.1% under AM 1.5, respectively, which was well close to the efficiencies obtained from sputtered with Pt-based counter electrode DSSCs. Moreover, have prepared silver nanoparticle doped TiO2 nanofibers as the photoanode through the electrospinning process to fabricate DSSCs. When compared with the undoped DSSC sample, the short circuit current density of the Ag doped DSSC sample improved by 26% resulting in a conversion efficiency improvement of 25%. Nair et al. (2011) have fabricated electrospun TiO2 nanorod-based efficient photoanode using a Pechini-type sol. The Pechini-type sol of TiO2 nanofibers produces a highly porous and compact layer of TiO2 upon doctor-blading and sintering without the need for an adhesion and scattering layers or TiCl4 treatment. The best nanofiber DSSCs within an area of 0.28 cm 2 shows an efficiency of ~4.2% under standard test conditions and an IPCE of ~50%. Yun et al. (2011) have synthesized electrospun Al-doped ZnO nanofiber electrodes with energy conversion efficiency (η) of 0.54-0.55% under irradiation of AM1.5 simulated sunlight. Lin et al. (2012) reported electrospun 1-D mesoporous anatase TiO2 nanofibers combined with a sol-gel process using 0-3 wt % of roomtemperature ionic liquid as the mesopore formation template. The performance of the DSSCs fabricated with TiO2 nanofibers with ionic liquids was significantly higher than that of electrospun TiO2 nanofibers without ionic liquids. TiO2 nanofibers with 1 wt% ionic liquid had the largest improvement (∼50.4%) in energy conversion efficiency (5.64%) over that of pure TiO2 nanofibers without ionic liquid (3.75%). The enhancement in the efficiency was attributed to the unique morphology of nanofibers, which led to more dye loading, faster electron transportation, and higher charge collection efficiency. Sahay et al. (2012b) have adopted copper based composite nanofibers by using the copper acetate/polyvinyl alcohol/water solution as the starting material. The effect of the annealing cycle on the crystalline structure showed that a decrease in crystallite size with an increase in the dwelling time improved the orientation of the CuO crystallite. The results suggested a 25% increase in the current density with CuO as blocking layer in ZnO based DSSC. Zhang et al. (2009) have reported tunable thickness of wurtzite ZnO nanofiber photoelectrodes as self-relaxation layer. This layer facilitated the release of interfacial tensile stress during calcination, resulting in good adhesion of the ZnO film to FTO substrate. By controlling the electrospinning time, the film thickness has been tuned from 0 to 5 µm. The improved cell performance with increased film thickness were observed due to the improvement in short-circuit current density (Jsc), which was explained by the larger surface area of the ZnO film with an increased thickness and thus higher dye loading. Similarly, Kim et al. (2007b) have reported electrospun ZnO/ poly (vinyl acetate) composite nanofiber mats coated with FTO and calcined at 450 °C. The multiple nanofiber networks composed of a twisted structure with a diameter of around 200-500 nm cores and grains size with 30 nm. The DSSCs using ZnO nanofiber mats exhibited a conversion efficiency of 1.34% under 100 mW/cm 2 (AM-1.5 G) illuminations. Elumalai et al. (2012) have reported an electrospun highly crystalline SnO2 flower which showed lower density of surface trap states than fibers by combining absorption spectra and open circuit voltage decay measurements. The flowers showed an enhanced Fermi energy on account of which as well as higher electron mobility, DSSCs fabricated using the SnO2 flowers gave VOC~700 mV and one of the highest photoelectric conversion efficiencies achieved using pure SnO2. Sundaramurthy et al. / Biofuel Research Journal 2 (2014) 44-54 Gao et al. (2012) have reported a simple procedure for using the porous SnO2 nanotube-TiO2 (SnO2/TiO2) core-shell structured photoanodes for DSSCs. The power conversion efficiency values of the SnO2/TiO2 core-shell structured DSSCs (~5.11%) were five times higher than that of SnO2 nanotube DSSCs (~0.99%). Song et al. (2013a) have prepared TiO2 nanoparticles/nanofibers bilayer film via spin coating and electrospinning. The TiO2 bilayer film with a thickness of about 6.0 μm was composed of anatase TiO2 phase. DSSCs were assembled by hydrochloric acid treated TiO2 film. The maximum photo-to-electron conversion and overall conversion efficiency (η) were obtained from 0.05 M HCl treated TiO2 based DSSC about 48.0% and 4.75%, which were respectively increased by 14% and 6.3% than those of DSSC based on untreated TiO2 films. Park et al. (2012) have prepared mesoporous multi-walled carbon nanotube-embedded carbon nanofibers through various steps of the electrospinning process. These mesoporous structures showed a surface area of 562 m 2 /g with average pore diameter of 27.32 nm and total pore volume of 1.16 cm 3 /g. Overall the conversion efficiency of these nanofibers increased to 6.35% which was higher than Pt counter electrode because its characteristics promoted the electron and ion transfer, decreasing the resistance of charge transfer, and increasing the contact area between liquid electrolyte and nanofibers. Anish Madhavan et al. (2012) have reported electrospun TiO2-graphene composite nanofibers as conductive nanofiber mats using polyvinylpyrrolidone. Conductivity measurements showed the mean specific conductance values obtained for TiO2-graphene composites were about two times higher than that of the electrospun TiO2 fibers. TiO2-graphene composite fibers assembled as photoanodes showed an efficiency of 7.6%. Similarly, Peining et al. (2012) fabricated one-dimensional electrospun TiO2-graphene nanocomposite which showed a significant enhancement in the photovoltaic in comparison to TiO2 as demonstrated in the dye-sensitized solar cells. Seo et al. (2011) investigated the effects of a brominated poly (phenylene oxide) electrospun nanofiber mat as a non-fluorinated polymer backbone in DSSCs quasi-solidstate electrolyte. The open circuit voltage increased by 50 mV and the efficiency was comparable to a conventional liquid electrolyte. Quasi-solidstate DSSCs exhibited enhanced long-term stability, maintaining about 97% of the initial efficiency after 7 d under a mild acceleration condition at 50 °C.
Hydrogen Generation
Hydrogen is an excellent fuel gas due to its high energy density, environmental cleanness and zero carbon footprints. Back in 1972, Honda and Fujishima discovered a method to produce hydrogen through photocatalytic water-splitting using TiO2 as the electrode (Honda et al., 1972) . Since then, intensive efforts have been focused on the fabrication of highly efficient nanostructured electrodes for photocatalytic/photoelectrochemical hydrogen generation. Among various synthesis techniques, electrospinning has drawn much of the scientific attention because of its versatility, simplicity, and costeffectiveness. In this section, the application of electrospun nanofibers in photocatalytic/photoelectrochemical hydrogen generation is presented. In general, the hydrogen generation process involves three steps, namely charge generation, charge separation and redox reactions. Upon light irradiation, electrons and holes are generated from the semiconducting electrode, as similar in photovoltaic solar cells. These charge carriers are then separated to avoid reverse recombination while taking part in water oxidation and reduction reactions, respectively (Figure 10 ). Electrospinning as a method for nanostructure fabrication is able to effectively influence all these three steps. It is a well-known physical phenomenon that light absorption by a semiconducting material is highly determined not only by its own physical and chemical properties, such as the band gaps, but also by its structural configurations. The limitation of pure semiconducting materials can be easily addressed by chemical modification of the electrodes like doping, which can be effectively carried out in electrospinning by simple addition of dopant salts in the electrospinning precursor solution. The introduced dopants are able to form extra energy levels within the forbidden bands, thereby reducing the energy required for valence electrons excitation up into a higher energy level. Through such mechanisms, a larger proportion of the solar spectrum can be utilized to achieve higher energy conversion efficiency. N-doped TiO2 grainlike nanostructures have been successfully synthesized via electrospinning. The doped-nitrogen reduced TiO2 band gap down to 2.83 eV, and increased H2 generation rate up to 28µmol/h, which was 12 times more than pristine TiO2. This superiority was mainly ascribed from the reduced band gap combined with a larger surface area . Compared with its nanoparticle counterparts, nanofibers demonstrate much better mesoporosity, enlarged surface area, tunable fiber morphology and aspect ratios which can significantly enhance the light scattering effect (Choi et al., 2010) . Chen et al. (2012) have reported that the preferred scattering wavelength and intensity was linearly proportional to the fiber diameter and the fiber deposition density. An overlapping between scattering bands and absorption bands was much favorable for an improved photocatalytic activity since the scattered light would have a longer pathway within the material and much enhanced light absorption.
The photogenerated charge carriers have to be separated before recombination occurs. Efficient charge separation can be achieved by inducing some secondary structures within the electrospun nanofibers, or by introducing electron reservoirs or highly conducting materials on the nanofiber surface. Regarding the former approach, Chuangchote et al. (2009) had prepared 1-D nanofibrils along the electrospun TiO2 nanofibers and these nanofibrils were believed to be beneficial for a higher material crystallinity as well as a retarded electron-hole recombination compared with their nanoparticle counterpart. In addition, nanofibers consisting of interconnected 0-D nanoparticles can also be achieved by directly electrospinning the nanoparticle dispersed solution (Choi et al., 2010) . Within the nanofibers, TiO2 nanoparticles were densely packed and closely interconnected, therefore the photogenerated charge carriers were efficiently transported away to different sites for water oxidization and reduction reactions (Figure 11) . Additionally, the nanomaterial heterojuctions with non-aligned band configuration were much more favorable for efficient charge separation due to the presence of built-in band bending, as discussed in the "Photocatalysis" section. Electrospun nanofibers with heterojunction of anatase TiO2/rutile TiO2/rutile SnO2 had been successfully synthesized by Lee et al. (2012) . Charge carriers were generated in all of the three metal oxides due to the similarity of their band gap width. However, because of the non-aligned energy bands, the electrons were transported to SnO2 due to its lowest conduction band edge, while holes to rutile TiO2 due to its highest valence band edge among the three materials. Thus, the charge carriers were efficiently separated and the recombination process was lowered to a minimum level. Another similar heterojunctional configuration was achieved by the same group , but in a component assembly level. A "Forest-like" photocatalyst was successfully synthesized using the electrospun anatase TiO2 as the stems (200-400 nm), hydrothermally grown ZnO nanorods as twigs (100-300nm) and photo-deposited CuO nanoparticles (10-100nm) as individual leaves. These nature mimicked structures were favorable due to their hierarchical structures leading to better light absorption, and also enhanced charge separation at the various metal oxide interfaces. Highly conductive materials or electron reservoirs were also commonly used to enhance the charge separation process. Other than the commonly used Pt deposition, Yousef et al. (2012b) had managed to synthesize graphite protected Ni-doped TiO2 nanofibers by sintering the nickel acetate tetrahydrate-titanium isopropoxide-PVP electrospun fiber mesh in a hydrogen/argon condition. This architecture led to superior performance not only because of the graphite protection of the catalysts, but also due to the efficient charge transportation induced by the graphite layers.
In the following hydrogen generation process, the photogenerated electrons and holes are consumed in water reduction and oxidation reactions, respectively. Therefore, the number of reactive sites as well as the activity of each individual site plays an important role in determining the H2 evolution rate. By employing electrospinning, the nanomaterials with higher surface area can be easily achieved which in turn enhance the redox reactions occurring at catalyst interfaces. The electrospun nanofibers can also act as structural support for photocatalysts to increase their chemical stability while retaining the interfacial surface area. The fluoropolymer with the stable C-F bond demonstrated an excellent stability in various conditions, i.e. thermal, radiational and chemical treatment. Nanoparticles such as ZnIn2S4 (Fan et al., 2010) and ZnS-AgIn5S8 were successfully grown on electrospun fluoropolymer nanofibers and these materials achieved much enhanced H2 evolution rate compared with nanoparticles without support (He et al., 2012) . Additionally, this electrospun fluoropolymer support was used for hydride hydrolysis to produce hydrogen gas (Chinnappan et al., 2011 ,Chinnappan et al., 2012 . A similar concept was also applied to glucose hydrolysis using electrospun silica fiber as support and iron as catalyst (Hansen et al., 2011) .
Hydrogen Storage
Storage challenges need to be addressed before using hydrogen gas as alternatives for fossil fuels, because of its volatility and combustibility in nature. Currently, three approaches have been adopted for hydrogen storage, namely cryogenic storage, high pressure vessels and storage in solid matrix. However, the cryogenic method requires a very low temperature, which significantly reduces its economic competitiveness; and high pressure vessels lead to lots of controversy on safety issues. Hence, storage in solid matrix is believed to be the most promising way for tackling the challenges in hydrogen storage (Reardon et al., 2012) . In this section, the current status of the electrospun nanofibers in utilization for hydrogen storage is to be discussed in detail.
Van der Waals force of interaction plays a dominant role in hydrogen adsorption in solid matrix; therefore a larger specific surface area and total pore volume are very essential . Among all the possible materials, carbon draws much attention due to its larger surface area, chemical inertness, ease of synthesis, highly porous morphology and light weight (Dillon et al., 1997 , Liu et al., 1999 . Carbon matrix can be fabricated by different approaches, but electrospun carbon nanofibers (CNFs) have predominant advantages, such as a simple and straightforward synthetic approach by employing organic polymers dissolved in solvent as a source of carbon. Polymers such as polyacrylonitrile (PAN), poly (vinylidene fluoride) (PVdF) and many more have been utilized as the sources and solvent such as N, N-dimethyl formamide (DMF) has been utilized due to its 426 K boiling point and excellent electrical conductivity (Im et al., 2009b) . The aselectrospun fibers are then stabilized via heat treatment upon a few hundred degrees Celsius to avoid fiber softening or breaking up. Afterwards, the fiber structure needs to be carbonized to convert organic polymer into carbon at 1000 o C in inert atmosphere like nitrogen. Then, the carbonized fibers are further activated to increase their specific surface area and total pore volume. The activation treatment requires a high temperature of over 1000°C with activation agents such as KOH, Na2CO3, NaOH, K2CO3, H3PO4, ZnCl2, SiO2 or water vapors (Im et al., 2009a , Jiang et al., 2002 , Kim et al., 2007 , Mitani et al., 2005 . The activation mechanism differs from one activation agent to another. For example, ZnCl2 was normally pre-dissolved in the electrospinning solution, and the pores were created by the escaping of Zn and Cl species; whereas in KOH activation, it was based on CO2 or CO being burnt off from the fiber surface, leaving behind pores with various sizes in the fiber structure (Im et al., 2008c) . The activation temperature and agent concentration play an important role in determining the resultant material morphologies (Im et al., 2009c) . From the literatures, it has been confirmed that hydrogen adsorption for carbon materials at 77K is directly proportional to the specific surface area; but at room temperature, the Van der Waals physisorption could be easily overcome by hydrogen thermal motion (Hong et al., 2007) , hence hydrogen capacity would be much reduced. Furthermore, both the mesopores and micropores are not actually contributing to the hydrogen storage capacity, and it is the ~0.7 nm pore that dominates the hydrogen adsorption capability (Bogdanovic et al., 1997) . In such small pores, the potential filled from opposite surfaces will overlap and enhance each other, so that the acting force on hydrogen molecules (diameter of 0.41nm) are much stronger than that from micro-or mesopores (Figure 12 ) (Im et al., 2008b) . It is also worth mentioning that the total volumes of such small pores are difficult to be determined by the widely used N2 adsorption-desorption isotherm approach (Hong et al., 2007) .
To further increase the hydrogen storage capacity, some metals or metal oxides can be incorporated into the CNFs simultaneously along with the electrospinning process, or via post treatment. The reported metals or metal oxides include MgO, Fe3O4, Mg, Fe and CuO, V2O5 and MgO (Im et al., 2008a , Im et al., 2009a , Jung et al., 2009 ,. For the metal oxides, dissociated oxygen during carbonization will generate pathways between the metal catalyst and the pore structures; therefore the hydrogen can have access to the metal catalyst embedded deep inside the fibers (Im et al., 2008a) (Figure 13 ).
In addition, introducing different elements with a large electronegativity gap is beneficial for hydrogen storage. For example, fluoride (F) has an electronegativity of 4.0, while that of vanadium (V) is merely 1.63. By simultaneously incorporating them into PAN-based CNFs, the hydrogen electrons can be effectively attracted to one side. Through such a mechanism, the storage capacity increased from 2.5 wt.% (for vanadium CNFs) to 3.2 wt.% (for vanadium/fluoride CNFs) at 303K and 100 bar (Im et al., 2009b) .
Please cite this article as: Sundaramurthy J., , Li, N., Kumar P.S., , Ramakrishna, S. Perspective of electrospun nanofibers in energy and environment. Biofuel Research Journal 2 (2014) 44-54. Sundaramurthy et al. / Biofuel Research Journal 2 (2014) [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] Other forms of carbon material, graphite for example, have also been reported to be obtainable through the electrospinning technique. Iron (III) acetylacetonate can act as catalyst for the graphitization process of the polymer fibers. The obtained graphite nanofibers (GNFs) demonstrated much larger surface areas compared to the CNFs, but no direct relation was observed between the hydrogen storage capacity and crystallinity (Hong et al., 2007 . Highly porous carbide-derived carbon nanofibers were synthesized via electrospinning the polycarbomethylsilane (PCS) precursor followed by the pyrolysis and chlorination treatment. An extremely large surface area of 3116 m 2 /g was achieved and a hydrogen storage as high as 3.86wt % at 17 bar and 77 K was reported. The hydrogen capacity at low pressure was even more impressive, reaching 2.75wt% at 1 bar and 77K, much higher than that for the bulk carbide-derived carbon materials, 2.2wt% (Rose et al., 2010) . Besides the carbon materials, some other candidates were of intensive investigation for hydrogen storage application as well. Shahgaldi et al. (2012) have synthesized electrospun boron nitride nanofibers successfully. A layer of the TiO2 solution was coated by using the coelectrospinning scheme, followed by boric oxide spraying. Since B and N are both next to C in the periodic table, boron nitride depicts many similarities to carbon material, and this includes the physical and chemical properties, as well as the crystal structure. The hydrogen storage capacity for TiO2-coated boron nitride nanofibers (BNNFs) treated at 1300°C demonstrated a hydrogen storage capacity of 2.1wt% at 70 bars and room temperature. Higher temperature treatment (about1500°C) reduced the capacity to 1.9wt% in identical testing conditions.
For the carbon materials in Table 1 , post heating over 1000°C was generally required to either carbonize the polymers or to activate the electrospun nanofibers. However, Srinivasan et al. (2010) reported that electrospun PANI nanofibers can be used for hydrogen storage merely after a low temperature treatment of 125°C for 3 h. A reversible hydrogen storage capacity of 3-10% was observed at a temperature range of 298-398K at 80 bar. The fiber nature showed a significant morphological change before and after hydrogen adsorption, such as fiber swelling and breaking, which was seldom observed in the carbon materials. In addition, efforts were made to study metal oxide materials and their application for hydrogen storage. Electrospun ZnO nanofibers gave rise to a hydrogen capacity of 1.4wt%. Mg and Al doping increased the value to 2.29wt% and 2.81wt%, respectively, at 70 bar and room temperature . Another innovative mechanism for hydrogen storage is to encapsulate the metal or complex hydrides, such as ammonia borane into a polymer shell using coelectrospinning technique. Ammonia borane contains 19.6wt% of hydrogen, with two thirds decomposed to gas form at 150°C. Encapsulating ammonia borane in a nanoporous material was able to significantly reduce the hydrogen releasing temperature down to 85°C and also inhibited the by-product generation (Kurban et al., 2010) .
Conclusion
By employing electrospinning techniques, semiconducting metal oxide/polymer composite nanostructures with higher purity, crystallinity and aspect ratio were able to be synthesized with novel electrical, optical and catalytic properties. We have discussed here a few highlights of the application and future prospects of electrospun metal oxide nanostructures in photocatalysis, DSSCs, hydrogen generation and storage. Further, there is still a lot of potential in electrospun nanostructures in combination with other metals and metal oxides that needs to be explored. Overall, the simplicity, cost-effectiveness and ease of synthesizing metal oxide nanostructures make electrospinning an ideal candidate for materials fabrication in energy and environmental applications.
